The relationship between the in vitro phosphorylation of vesicular stomatitis virus (VSV) proteins and virion uncoating was examined. Activation of the VSV virion kinase with low concentrations of melittin, the active peptide component of bee venom, in the presence of y-[32p]ATP resulted in the phosphorylation of virion proteins. Following the in vitro phosphorylation of VSV proteins in the presence of melittin and deoxyadenosine triphosphate, the virion envelope was disrupted based on the accessibility of the internal ribonucleoprotein core (RNP) to the heavy metal stain, uranyl acetate, as determined by electron microscopic observati~n. The RNP structure was not observed in unphosphorylated virions treated with melittin and uranyl acetate. Phosphorylated virions treated with uranyl acetate subsequently lost the capacity for transcription whereas unphosphorylated virions treated with the stain retained transcriptase activity. These observations suggest that phosphorylation of VSV proteins may contribute to virion uncoating by disrupting the virus envelope.
INTRODUCTION
Enveloped viruses enter host cells by ~ropexis or by fusion with the cellular plasmalemma (Dales, 1973) . Although electron microscopic studies have demonstrated that vesicular stomatitis virus (VSV) can enter cultured L cells by membrane fusion (Heine & Schnaitman, 1971) , the predominant mode of entry for this virus has been shown by similar studies to be viropexis (Dahlberg, 1974; Simpson et al., 1969) . Recently, biochemical evidence has confirmed the earlier electron microscopic observations of VSV entry by viropexis (Fan & Sefton, 1978) . These experiments were based on the rationale that virus antigens remaining on the infected cell surface following membrane fusion would remain accessible for immunolysis with VSV-specific antibody and complement, while those cells in which the virus entered by viropexis would not have virus antigens on their surface and would, therefore, be refractory to immunolysis. Since no immunolysis was observed with VSV infected cells except at very high multiplicities (>1000 p.f.u./cell), the conclusion was reached that the major form of VSV entry did not involve membrane fusion. In contrast to virus uncoating by membrane fusion and subsequent release of the genome into the cell cytoplasm, the mechanisms of virus uncoating that occur after viropexis and prior to activation of virus replication are poorly understood.
As has been suggested by studies with influenza virus (Lenard & Compans, 1974) , the matrix protein (M) of VSV, perhaps functions to mediate the interactions between the virion envelope and internal core structure. Virion uncoating involves the disruption of structural interactions between the envelope and the internal core and, therefore, modification of the matrix protein following viropexis could play a role in this process. Since M is phosphorylated in vitro by the VSV virion kinase (Imblum & Wagner, 1974; Moyer & Summers, 1974) , a change in the net charge of this substrate protein may alter the relationship of M to adjacent RNP proteins. Thus, the purpose of this study was to investigate whether activation of the VSV virion kinase and subsequent phosphorylation of M and other VSV proteins are involved in virion uncoating. Evidence is presented that the in vitro phosphorylation of VSV proteins results in disruption of the virion envelope which may contribute to uncoating.
METHODS

Cells and virus.
HeLa $3 suspension cultures were maintained with Joklik's minimum essential medium (Eagle, 1959) , supplemented with 2 % glutamine and 7 % foetal calf serum. Stocks of VSV (Indiana serotype) were obtained by infecting HeLa $3 suspension cultures as described previously (Hecht & Summers, 1972; Mudd & Summers, 1970) .
In vitro kinase assay. The conditions used for the in vitro VSV kinase assay were as described previously (Moyer & Summers, 1974) except that 6 ¢tCi y-[32p]ATP, 1 /tM-ATP and melittin, instead of Nonidet P40 (NP40) were used. In some experiments, 2'-deoxyadenosine-5'-triphosphate (dATP) at specified concentrations was used in place of ATP and y-[32p]ATP. The reactions were performed at 37 °C for various lengths of time. Duplicate 0.01 ml amounts were removed from the reaction mixture at specified times and 32p incorporation was determined by liquid scintillation spectrophotometry after collecting trichloroacetic acid (TCA)-precipitable material on Whatman fibreglass GF/C filters (Strand & August, 1971) .
In vitro transcriptase assay. The conditions used for the in vitro transcriptase assay were described previously (Batt-Humphries et al., 1979) , except that melittin was used in place of Triton N101 in some experiments; Triton N101 was used in the reaction mixtures for the experiments presented in Fig. 4 . The course of the transcriptase reaction was followed by determining the incorporation of [ 3H]UMP into RNA.
SDS-polyacrylamide gel electrophoresis (SDS-PAGE)
. VSV proteins were analysed by SDS-PAGE, as described previously (O'Farrell & Gold, 1973; Toneguzzo & Ghosh, 1978) . The VSV proteins were precipitated with ethanol at -70 ° C and the precipitated material was concentrated by centrifugation for 2 min in an Eppendorf Microfuge. The pellet was resuspended in electrophoresis sample buffer (0.025 ml) and heated at 100 °C for 3 min prior to loading into the stacking gel wells. Electrophoresis was routinely performed at either 80 V or 100 V until the tracking dye reached the bottom of the gel.
Electron microscopy. Following the in vitro kinase reaction, samples were prepared for electron microscopy by adsorption to carbon-coated 200 mesh copper grids. The samples were stained for 2 min in 2 % uranyl acetate or 2 % ammonium molybdate. Specimens were observed with a JEOL JEM 100S electron microscope operated at 60 kV.
The accessibility of the virion core to stain was assessed by observing prints made from the electron micrograph negatives. The definition of the helical ribonucleoprotein core (RNP) structure was regarded as the criterion for stain penetration through the virion envelope; virions that did not include stain remained opaque. The data obtained from observing the virions after uranyl acetate staining were analysed by the Chi-square method.
Materials. ?-[ 32P]ATP (average sp. act. 2 to 10 Ci/mmol) was obtained from New England Nuclear, dithiothreitol from Pierce, Rockford, II1., U.S.A., SDS from Bio-Rad, acrylamide from Eastman Kodak, 2'-deoxyadenosine-5'-triphosphate from Calbiochem-Behring and melittin from Sigma. Purified virions (protein concentration 243 ~g/ml) were used in each 0.1 ml reaction mixture, as described in Methods. The transcriptase reaction was incubated at 31 °C for 60 min; the kinase reaction at 37 o C for 15 rain. The data points are the mean values of the TCA-precipitable radioactivity contained in duplicate 0.01 ml samples. 0, [3HIUMP incorporation; ~ 32p incorporation.
RESULTS
Activation of the in vitro VS V kinase and transcription reactions by melittin
To test the possible involvement of virus protein phosphorylation during uncoating, it was necessary to utilize a compound in the kinase reaction mixture that did not drastically disrupt the structural integrity of the virus envelope, but permitted functioning of the kinase. When used in an in vitro transcription reaction mixture, melittin, the 26 amino acid polypeptide active component of bee venom, has been reported to activate the synthesis of VSV mRNA and leader RNA (Boone & Skalka, 1980) . Melittin interacts with biological membranes to produce localized perturbations in the bilayer structure at sites of insertion (Williams & Bell, 1972) and, therefore, does not solubilize membranes as do non-ionic detergents.
Melittin activated both the VSV-associated kinase and transcriptase when added to the appropriate reaction mixtures (Fig. 1) . The optimal concentration of melittin for the kinase reaction was found to be 50/~g/0, l ml reaction mixture; higher concentrations of melittin resulted in a gradual diminution of kinase activity, although significant activity was still evident at a melittin concentration of 400 /~g per reaction. In contrast, the optimal concentration of melittin for the transcriptase reaction was 100 Ftg, twofold greater than for the kinase reaction; transcriptase activity diminished with concentrations of melittin greater than 100/tg, and at 200/lg activity was virtually abolished. Furthermore, the two reactions had different thresholds for activation by melittin; activation of transcription required approx. a fivefold greater concentration (5/~g) than for activation of the kinase.
The activation of the VSV-associated kinase by melittin and subsequent phosphorylation of endogenous receptor proteins was confirmed by SDS-PAGE analysis (Fig. 2) . As shown in this autoradiogram, detectable phosphorylation of VSV proteins L, G, NS and M occurred with 1 ~tg melittin. This result is in agreement with the kinetics data shown in Fig. 1 . When compared to the phosphorylation level obtained with 1 /~g melittin, a greater level of phosphorylation was obtained when the melittin concentration was increased to 5 #g. However, the degree of protein phosphorylation did not increase in proportion with higher melittin concentrations (10, 25 and 50 ~tg) tested; thus, there was no apparent difference in the phosphorylation level of VSV proteins over this concentration range of melittin. This result was consistent with the kinetic data shown in Fig. 1 in that the acid-precipitable radioactivity obtained in the in vitro kinase reactions differed by 2400 counts at melittin concentrations of 10 and 50 ~tg per reaction mixture. Moreover, the virion proteins phosphorylated during the melittin-activated kinase reactions were identical to those phosphorylated when the detergent NP40 was used to activate the kinase reaction (data not shown). Melittin was itself phosphorylated during the in vitro kinase reaction (data not shown).
Uranyl acetate penetration into virions following phosphorylation
In order to determine if virion envelope disruption occurred as a result of phosphorylation, experiments were performed in which melittin at low concentration (1 /2g per reaction mixture) was used to activate the kinase in the presence of dATP, a substrate for the VSV kinase (Witt & Summers, 1980) . Subsequent staining with uranyl acetate and electron microscopic examination of the phosphorylated virions revealed that the uranyl acetate allowed visualization of the helical R N P ( Fig. 3 b) ; uranyl acetate was excluded from the virions treated with only melittin, and these virions appeared opaque (Fig. 3a, Table 1 ). Similar preferential staining of phosphorylated virions was also obtained when the virions were treated with ammonium molybdate (Fig. 3 c, d ) indicating that the size of the stain molecule had no effect on whether the RNPs were stained. In the presence of dATP, the percentage of disrupted virions increased approx, twofold in comparison to the disruption observed with control virions and was statistically significant (P < 0.0001) ( Table 1) . Disruption of the virion envelope and subsequent R N P staining following phosphorylation Fig. 4 . Inhibition of VSV virion in vitro transcriptase activity following phosphorylation and staining with uranyl acetate. Purified virions were used in the standard kinase reaction mixture (see Methods) containing 1 /~g melittin and 0.001 M-dATP. Following a 15 min reaction at 37 °C, 0.025 ml 2% uranyl acetate was added to appropriate reactions and the staining reaction was allowed to proceed for 3 min at ~'oom temperature; 0.025 ml distilled water was added to each of several control reactions. The virions were then sedimented by centrifugaiion through 4.5 ml 20% sucrose in ET buffer in an SW50.1 rotor at 50000 rev/min for 45 rain at 4 °C. The supernatant was decanted and the virions washed once with 0.05 M-tris pH 8. The untreated control was processed according to the same protocol. Following concentration by centrifugation as described above, the virions were resuspended in the transcriptase reaction mixture, excluding nucleoside triphosphates and Triton N 101. Transcription was initiated by the addition of Triton N101 to a final concentration of 0.05% and the nucleoside triphosphates. Transcriptase activity was determined during the course of the reaction by withdrawing duplicate 0-01 ml samples at the specified times and determining the TCA-precipitable radioactivity with liquid scintillation spectrophotometry. A, dATP, melittin and uranyl acetate; O, melittin and uranyl acetate; El, uranyl acetate; II, melittin; 0, untreated control. * The reaction mixtures were incubated at 37 °C for 30 rain. Samples were removed and treated with heavy metal stains prior to electron microscopic observation, as described in Methods. The data presented were obtained from two independent experiments. ~ Intact virions remained opaque while the internal ribonucleoprotein core was evident in disrupted virions (see Fig. 3 ).
$ Number of virions counted for each treatment.
was also observed when NP40 was used at a low concentration (0.15 %) instead of melittin; virions treated with the detergent alone remained impermeable to uranyl acetate (data not shown). These observations indicated that phosphorylation of the VSV proteins resulted in disruption of the virion envelope. As evident from the electron micrographs presented in Fig.  3 , melittin alone did not effect a breakdown of virion structural integrity; the proportion of disrupted virions in the stock preparation (32%) was found to be statistically similar to the proportion of disrupted virions in the presence of melittin and uranyl acetate (36%; P = 0.3197) or melittin and ammonium molybdate (43 %; P = 0.0299) ( Table 1) .
Inhibition of VSV in vitro transcription following phosphorylation and uranyl acetate incorporation
The validity of the preceding electron microscopic observations was further confirmed by additional experiments based on the premise that disruption of the virion envelope occurred following phosphorylation. In vitro transcription of VSV is dependent upon a functional RNP but not upon the envelope constituents (Szilagyi & Uryvayev, 1973) . If uranyl acetate entered the virion following phosphorylation and subsequently bound to the RNP proteins, then an impairment of the transcription might be expected.
When this experiment was performed, it was found that the virions which had been treated with melittin in the presence of dATP, and subsequently stained with uranyl acetate, lost the capability for transcription (Fig. 4) . In contrast, virions that had been treated with only melittin and then stained with uranyl acetate retained significant transcription activity (48 %). Treatment of virions with either melittin or uranyl acetate did not result in a detectable loss of transcription activity when compared to the untreated control. The approximate 50 % loss of transcription activity obtained with virions treated with both melittin and uranyl acetate in comparison to the controls is not understood.
DISCUSSION
These data indicated that activation of the VSV particle kinase and subsequent phosphorylation resulted in disruption of the virion envelope, as manifested by the staining of the internal RNP structure with heavy metals, and suggested that the phosphorylation of virion proteins might have functional significance during virion uncoating. The electron micrographs in Fig. 3 provide substantial evidence for this conclusion. That phosphorylation results in virion envelope disruption was confirmed by biochemical experiments which demonstrated that in vitro transcription activity was completely eliminated with phosphorylated virions subsequently stained with uranyl acetate; this result has particular significance, even though the transcription activity of those virions that had been treated with melittin and uranyl acetate was reduced about 50% in comparison to the level of activity obtained with virions treated with only melittin or uranyl acetate. The partial inactivation of transcription that occurred when virions were treated with melittin and uranyl acetate cannot be explained at this time, although one could speculate about an interaction between melittin and the Triton N 101 subsequently used to initiate transcription.
Activation of the VSV virion kinase results in the subsequent phosphorylation of M and other virus proteins, a biochemical modification which may have significant consequences for virion uncoating. The structural orientation of M in the intact virion is such that this protein interacts with both the glycoprotein G and the RNP protein N; evidence for this statement is based on the initial observations of VSV protein cross-linking with formalin (Brown et al., 1974) and later studies that demonstrated the formation of G :M and M :N dimers and in the presence of cross-linking agents (Dubovi & Wagner, 1977; Mudd & Swanson, 1978) . Phosphorylation of M may provide a mechanism for the disruption of these interactions during uncoating. Additional biochemical analysis to define the specific sites on these proteins where phosphate is added during the in vitro kinase reaction may provide insight into the specific molecular interactions which occur during envelope disruption.
Other VSV RNP proteins, NS and L, are also phosphorylated during the in vitro reaction. Based on the results from the above-mentioned cross-linking studies, apparently neither NS nor L is associated with M in the intact virion. Thus, one can speculate that the phosphorylation of these proteins may not be involved in those structural modifications that 
